Fibrillar collagen endows the normal aortic wall with significant stiffness and strength and similarly plays important roles in many disease processes. For example, because of the marked loss of elastic fibers and functional smooth cells in aortic aneurysms, collagen plays a particularly important role in controlling the dilatation of these lesions and governing their rupture potential. Recent findings suggest further that collagen remodeling may also be fundamental to the intramural healing of arterial or aneurysmal dissections. To explore this possibility further, we identified and correlated regions of intramural thrombus and newly synthesized fibrillar collagen in a well-established mouse model of dissecting aortic aneurysms. Our findings suggest that intramural thrombus that is isolated from free-flowing blood creates a permissive environment for the synthesis of fibrillar collagen that, albeit initially less dense and organized, could protect that region of the dissected wall from subsequent expansion of the dissection or rupture. Moreover, alpha-smooth muscle actin positive cells appeared to be responsible for the newly produced collagen, which co-localized with significant production of glycosaminoglycans.
Introduction
Thoracic aortic aneurysms (TAAs) and abdominal aortic aneurysms (AAAs) are responsible for significant morbidity and mortality, with younger individuals (b60 years old) affected more by the former and older individuals (>70 years old) increasingly affected more by the latter in our aging society. Despite differences in etiology and natural history, fundamental mechanisms are shared by these two classes of lesions, including loss of elastin, apoptosis of smooth muscle, and remodeling of collagen [29, 32] . There is a continuing need, however, for an increased understanding of the biochemomechanical conditions that lead to dilatation, dissection, and rupture [20, 21, 40] . Motivated largely by the difficulty of collecting sufficient longitudinal information on lesion morphology, histology, cell biology, and biomechanical properties in humans, various animal models have been developed to study aortic aneurysms (cf. [9] ). Of the different models, continuous subcutaneous infusion of angiotensin-II (Ang-II) in the apolipoprotein-E null (ApoE−/−) mouse has emerged as the most commonly used method to generate dissecting aortic aneurysms (e.g., [1, 5, 6, 15, 26, 30, 31, 33, 34, 39] ). Via these and many similar studies, it appears that these lesions initiate following an accumulation of macrophages within the media, which produce cytokines and proteases that lead to degradation, dissection, and dilatation of the wall. Hence, although these lesions occur primarily in the suprarenal abdominal aorta, they exhibit some features (e.g., dissection and intramural thrombus) that are more common to TAAs than to AAAs in humans. Regardless of localization, for the purposes herein, lesions arising from the infusion of Ang-II in ApoE−/− mice provide an excellent model of a dissecting aortic aneurysm, including development of an intramural thrombus and possible subsequent healing of the dissected wall.
Notwithstanding the availability of significant information on the histology and cell biology associated with the Ang-II mouse model of dissecting aneurysms (cf. [10] and references therein), little attention has been directed towards the turnover of fibrillar collagens and possible roles played therein by intramural or intraluminal thrombus. Because of the marked loss of elastic fibers and functional smooth muscle cells within the aneurysmal wall, fibrillar collagens play particularly important mechanical roles in controlling the rate of enlargement and governing the rupture-potential [21] . In particular, given that collagen is very stiff when straight (with an elastic Contents lists available at SciVerse ScienceDirect
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j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / t h r o m r e s modulus on the order of 1 GPa), vascular distensibility depends largely on the degree of undulation of the collagen fibers as well as on their density, fiber diameter, interactions with other matrix proteins and glycoproteins, and cross-linking [19] . In this paper, we examine for the first time the waviness and density of fibrillar collagens at different locations within serial cross-sections along the length of dissecting aortic aneurysms that developed due to a 28-day infusion of Ang-II, with particular attention to the replacement of intramural thrombus with fibrillar collagen during this period.
Methods

Animal Model
All animal protocols were approved by the Texas A&M University Institutional Animal Care and Use Committee. Following other reports (e.g., [1] ), 8-week old male ApoE−/− mice were anesthetized with isoflurane and implanted subcutaneously in the mid-scapular region with an Alzet mini-osmotic pump (Durect Corp., CA). These pumps delivered Ang-II continuously at 1000 ng/kg/min. Following 28 days of treatment with Ang-II, while maintained on a normal diet, the mice were euthanized with an overdose of sodium pentobarbital. The suprarenal aorta was then isolated via a mid-line incision and photographed, large branches were ligated with 7-O silk, and the vessel was excised en-bloc. Following biomechanical testing [14] , the vessels were fixed in an unloaded configuration using a buffered 10% formalin.
Histology
Suprarenal aortas from five, 12-week old mice that developed significant aneurysms (>1.5 fold increase in outer diameter) were cut into distal and proximal halves, embedded in paraffin (both halves in one block), and sectioned at five microns. Serial cross-sections were obtained for each half of the specimen at three axial locations separated by 880 microns, hence yielding 6 sets of axially located cross-sections per lesion. Supplemental Fig. 1 gives an overview of the many resulting cross-sections for each vessel and thus illustrates the sectioning protocol. Sections were then stained with Verhoeff Van Gieson (VVG) to highlight elastin, picrosirius red (PSR) to highlight fibrillar collagens, Alcian blue to highlight glycosaminoglycans (GAGs), and Movat's pentachrome to identify fibrin, elastin, collagen, and glycosaminoglycans within a single section. Additional sections were immunostained for α-smooth muscle actin (αSMA). All images were acquired with an Olympus BX51TF microscope using an Olympus DP70 camera in combination with Olympus CellSens Dimension 1.4.1 software. In the case of the PSR-stained sections, images were acquired using appropriate polarizing optics and dark-field imaging; all other images were acquired using bright-field imaging. Magnification was typically set at 10X or 20X.
Image Analysis
As a measure of collagen waviness, we computed the "entropy" H from dark-field PSR-stained images collected from multiple locations within each cross-section. Straighter (more organized) fibers yield lower values of entropy whereas increasingly wavy (more disorganized) fibers yield higher values of entropy. Toward this end, each original dark-field image was first converted to an 8-bit (0-255) grayscale image that was then partitioned into five smaller images at each location to define multiple computational sub-domains for each calculation of waviness (Fig. 1a) . Each sub-domain was then divided into m×m pixel regions of interest (ROI), thus yielding n ROIs at each location of interest (cf. Fig. 1b) . The collagen fiber organization within each ROI was then represented by a distribution function f(x, y), where (x, y) defines each point p in a 2-D real space. This distribution function was then transformed to the Fourier space using a 2-D fast Fourier transformation, which yielded I f x; y ð Þ ð Þ¼F u; v ð Þ, where (u, v) is the associated point in Fourier space. The zero-frequency components were then shifted to the center and, finally, the 2-D power spectrum P of the Fourier transform (FT) was obtained by multiplying the FT with its complex conjugate ⁎ , namely
The overall collagen fiber orientation within each ROI was then obtained by fitting a line through the center of the power spectrum in a least square sense [42] . The orientation of the line yields the angle α as a measure of the overall fiber orientation for each ROI. All angles were then plotted as a histogram to yield a probability mass function p(α i ), which was normalized to ∑ i = 1 n p(α i ) = 1 (Fig. 1c) . Finally, the entropy H was calculated from the probability mass function to yield a scalar measure of waviness of the collagen fibers, that is,
with n denoting the number of ROIs at each location of interest [2] . To quantify the local density (or, "concentration") of the fibrillar collagen, we determined the area fraction of collagen present at multiple locations within each dark-field image. This quantification was performed on the same five computational sub-domains per location that were used to quantify waviness (cf. Fig. 1a ). This concentration was determined by calculating the ratio of colored pixels (representing the birefringent collagen fibers) to the black background for each domain. We emphasize that the term "concentration" is used loosely as a synonym for area fraction within a 2-D image and, therefore, should not be confused with the biochemical term concentration, as, for example, dry weight of collagen. All image analyses were performed using custom codes written in Matlab (MathWorks Inc., MA, USA). For isolating colors and applying color thresholds, we used ImageJ (U.S. National Institutes of Health, MD, USA).
Results
Consistent with prior reports (e.g., [1] ), AAAs excised from the five mice following 28 days of continuous infusion of Ang-II tended to involve most of the suprarenal aorta and to be on the order of 2.2 mm in maximum unloaded outer diameter. In comparison, the normal unloaded outer diameter is on the order of 0.8 mm [8] . Hence, Ang-II resulted in a mean 2.75-fold localized increase in diameter, consistent with the term aneurysm, which means "widening" and is generally considered pathologic if the diameter increases by 1.5 fold or more. Upon gross examination in a pilot study, however, the true lumen appeared to be preserved throughout much of the lesion, thus most of the gross dilatation resulted from an intramural accumulation of thrombus or extracellular matrix material (Fig. 2) . There also existed a large parallel intramural cavity (presumably a false lumen) in some regions, which merged with the true lumen in the center of the lesion to form a much larger "merged" lumen.
Also consistent with the gross observations (cf. Fig. 2 ), serial histological sections revealed three distinctive formations in each of the five lesions ( Fig. 3a-c ). Formation (a) consistently appeared within the region of maximum dilatation, which was typically near the center of the lesion; it was characterized by a ruptured media, that is, completely severed elastic fibers and smooth muscle at a single circumferential location within the media. This rupture allowed a large cavity, presumably a false lumen, to merge with the true lumen. This merged lumen is illustrated well in the VVG-stained cross-section shown as Fig. 3a wherein the wavy elastic fibers appear black and the two arrows point to the site of medial rupture. Formation (b) typically existed close to and just distal and proximal to the site of the merged lumen; it was characterized by an intact lumen and parallel cavity that were separated by what appeared to be remodeled matrix (Fig. 3b) . Note that the true lumen in these regions was circumscribed by an intact media consisting of concentric elastic lamellae as expected of a normal aortic wall (cf. [8] ). Formation (c) was found the farthest from the site of the merged lumen, again both distal and proximal, and was characterized by an intact true lumen and an intramural thrombus that typically consisted of fibrin ( Fig. 3c ) but in some cases GAGs and fibrillar collagen (Figs. 4 and 5). Again, the true lumen was circumscribed by an apparently normal media. It should be noted that black fragments visible on the outer perimeter in all cross-sections in Fig. 3 are remnant India ink, which was used in mechanical tests that are reported elsewhere [14] . Furthermore, the symbols † and ‡ in Fig. 3 denote locations where the waviness and concentration of fibrillar collagen were calculated, as described below.
Staining with Movat's pentachrome and PSR revealed marked spatial distributions of fibrillar collagen, fibrin, and GAGs (Figs. 4 and 5) . Recall, therefore, that collagen appears brownish/gray in sections stained with Movat's pentachrome while fibrin appears pink/red, GAGs light blue, and elastic fibers black. In contrast, type I, or thick, collagen fibers appear bright red/orange whereas type III, or thin, collagen fibers appear less bright and more green/yellow in sections stained with PSR and viewed Fig. 2 . Photograph of a representative suprarenal aortic aneurysm that resulted following 28 days of a subcutaneous infusion of Ang-II in the ApoE−/− mouse; the maximum diameter is~2.2 mm. Shown, too, are reduced magnification photographs of cross-sections obtained from regions indicated by the dashed lines: L -lumen, T -thrombus, Ccavity, and ML -merged lumen (i.e., probable merging of the true lumen L with a false lumen / cavity). As noted in the text, the thrombus contained different constituents depending on its position within the lesion as well as its distance from the region of maximal dilatation. Note that the black in the photographs of the crosssections is India ink from a prior mechanical test. Fig. 3 . Representative Verhoeff Van Gieson (VVG)-stained cross-sections that reveal the three distinct formations that were observed in each of the five dissecting aneurysms studied. Note: the wavy elastic fibers within the aortic media appeared black; in contrast, the black fragments along the outermost perimeter are due to India ink that was used in mechanical tests that are reported elsewhere. Formation (a): merged lumen (ML), with arrows indicating locations where the media ruptured, thus allowing the true lumen and outer cavity (false lumen) to communicate. Formation (b): intact lumen (L) and cavity (C) separated by remodeled tissue; this cavity is presumably a false lumen. Formation (c): intact lumen (L) and intramural thrombus (T). The symbols † and ‡ denote locations used for subsequent analysis of the waviness and concentration of fibrillar collagen. using polarized light. The large pink region in the Movat's stain in Fig. 4 revealed an extensive asymmetric accumulation of fibrin, with little fibrillar collagen as confirmed by the lack of bright birefringence in the associated PSR image. Yet, at some locations near the expanding adventitia, brownish/light blue colors suggested the presence of small pockets of GAGs (e.g., white asterisk in Fig. 4a ) and collagen fibers (white arrows in Fig. 4b ), which may mark regions where the thrombus was beginning to remodel towards a collagenous tissue. Such a deposition of GAGs and fibrillar collagen may have reflected a wound healing type response, perhaps mediated by myofibroblasts consistent with the co-localized αSMA staining (Fig. 4c ) and known ability of this cell type to deposit significant amounts of collagen [17, 38] . Regardless, Fig. 5 shows nearly sequential sections that were located farther yet from the center of the lesion and stained with PSR (a), Movat's pentachrome (b), or Alcian blue (c), with thresholding used to highlight fibrin in the Movat's stain and GAGs in the Alcian blue stain. These sections contained more collagen (Fig. 5a ) and correspondingly more GAGs (Fig. 5c ) and less fibrin (Fig. 5b) within the intramural region presumably occupied by thrombus at some time. Indeed, the collagen and GAGs tended to co-localize in regions devoid of fibrin, hence implying a replacement process.
Given that it should take some time for fibrin to break down and for synthetic cells to invade the thrombus and produce significant amounts of collagen, Figs. 4 and 5 may suggest different relative "ages" for the thrombus, that is, times since that portion of the thrombus was either formed from or in contact with the flowing blood. Thus, one might speculate that the youngest thrombus existed closest to the center of the lesion where the merged lumen could have continued to provide flowing blood (formation (a), Fig. 3a) , and hence fibrinogen and platelets, whereas the oldest region of the same thrombus existed farthest from the merged lumen and hence the flowing blood. This possibility is supported by findings in Fig. 6 , which show higher magnification images (60X) of thrombus from progressively greater distances (left to right) from the patent cavity (i.e., locations separated axially by 880 microns within the same thrombus that is seen in Fig. 4) . , and alpha-smooth muscle (c) stained images of nearby aneurysmal cross-sections. Note that the Movat's stain shows elastic fibers as black, fibrin as pink/red, GAGs as light blue, and collagen as brownish/gray; the darkfield picrosirius stain shows collagen type I or thicker fibers as bright red/orange and collagen type III or thinner fibers as less bright and more green/yellow; the alpha smooth muscle strain shows both smooth muscle cells and myofibroblasts as brown. Hence, pink regions in (a) reveal thrombotic material (fibrin) that had not remodeled, which was confirmed by the lack of fibrillar collagen in the associated regions within (b). In contrast, regions wherein the pink was replaced by brownish / light blue colors in (a) indicated regions wherein the fibrin may have started to remodel, presumably via the deposition of GAGs (white asterisk in a) and fibrillar collagen (e.g., horizontal white arrow in b) by co-localized invading αSMA-positive cells, which may well have been myofibroblasts. Note again that the spatio-temporal decrease in fibrin (pink) corresponded with the increase in GAGs (blue) and collagen (birefringent in the darkfield image). Moreover, the sequence of picrosirius red stained images (b,d,f) revealed both an increase in collagen concentration and fiber thickness (brighter red) with remodeling, or aging, of the thrombus. The "holes" in the birefrigent images likely corresponded to locations of synthetic cells, although possibly caniculi (cf. [41] ).
During our examinations of sections stained with PSR, we also noticed changes in collagen organization and appearance within the adventitia when comparing regions close to the true lumen (e.g., denoted by † in Fig. 3 ) with those well away from the lumen (e.g., denoted by ‡ in Fig. 3) . Because of the tremendous asymmetric increase in diameter, collagen well away from the lumen must necessarily have remodeled (that is, collagen can only extend on the order of 10% once straight, yet some portions of the adventitia farthest from the lumen must have elongated on the order of 150 to 200% during the 28-day period of study). Fig. 7 shows two darkfield images that highlight representative differences in collagen organization between locations † and ‡. Quantified differences in collagen waviness and concentration, relative to near normal values, are shown in Fig. 8 at these two locations for all three formations (a: merged lumen, b: lumen plus cavity, c: lumen plus intramural thrombus in Fig. 3) . Specifically, comparisons between locations ‡ and † in the adventitia are given by dark gray bars for the three formations in Fig. 3 (i.e., a-c 1 here) . In contrast, comparisons between collagen within a remodeled intramural thrombus and adventitial location † are given by the light gray bars (bar c 2 ). Zero denotes a waviness or concentration equivalent to that in the adventitia nearest the lumen (location †), which was assumed to be the closest to normal within this cross-section. This analysis suggested that the remodeled collagen fibers at location ‡ were always less wavy than the more normal collagen fibers at location †, which is reflected by the decrease in entropy (formations a -c 1 ). Conversely, remodeled collagen fibers within the intramural thrombus were significantly more disorganized / wavy than normal as reflected by the increased entropy (bar c 2 ). No significant differences were found in collagen waviness amongst the three thrombi shown in Fig. 6 , however (i.e., the picrosirius stained images in panels (b), (d), and (f)). These objective quantitative findings were expected based on visual assessments, as, for example, when comparing collagen organization in Fig. 7a (more normal adventitia) with Fig. 6b, d , and f (remodeled intramural thrombus). . Close-up (60X) images of three regions of intramural thrombus stained with either Movat's Pentachrome (top panels) or picrosirius red (bottom panels). Panels (a) and (b) show thrombus that was closest to the center of the lesion, which likely represented the "youngest" thrombus, that is, replenished due to its proximity to the flowing blood. Panels (c) and (d) are from the same lesion but~880 microns farther from the center, and thus likely represent a slightly older thrombus. Panels (e) and (f) are from a region~1760 microns away from the center of the lesion, and thus likely farthest from the free flowing blood and thereby the oldest. The series of the picrosirius-stained images (b,d,f) highlights changes in collagen structure and organization from that originally laid down around cells or canaliculi (circular structures) in the youngest (or biologically most active) thrombus (b), to more fibrillar collagen structures in (d), and finally to highly remodeled thrombus in (f). The increase in collagen concentration was consistent with the decrease of fibrin, which appeared pink/red in the Movat's stain. Recall that this dramatic remodeling took place within about three weeks. Fig. 7 . Representative dark-field images of sections stained with picrosirius red to highlight collagen fibers in the adventitia at location † (presumed nearly normal adventitia just behind the lumen) and location ‡ (clearly remodeled collagen, well opposite the site of †). Both locations are defined in Fig. 3 .
Results for the concentration of collagen (Fig. 8b) revealed a significant decrease in the remodeled adventitia compared to the normal adventitia (formations a -c 1 ). This finding was also consistent with our visual impression from images such as that in Fig. 7 , wherein collagen appeared more densely packed at location † compared with location ‡. The lowest concentration of collagen fibers was found in the remodeled intramural thrombus, bar c 2 , but the specific value of the concentration depended on both the location within the thrombus and the remodeling time. For example, the mean relative difference (relative to near normal collagen; cf. Fig. 7a ) and corresponding standard errors of the mean for collagen concentration of the young, older, and oldest thrombus were −56.8 +/− 6.2%, −31.7 +/− 2.6%, and 14.1 +/− 0.9%, respectively. This progressive increase in collagen concentration appeared to be consistent with an increasing thrombus age / remodeling time (cf. Fig. 6 ).
Discussion
Angiotensin-II is a potent vasopressor having pleiotropic activity. For example, systemic increases of Ang-II in the bloodstream can cause vasoconstriction throughout the arterial tree, and thus increased systemic blood pressure; conversely, local increases of Ang-II within the arterial wall can lead to the increased production of diverse chemokines, cytokines, and proteases, which can cause significant localized remodeling of the wall. Although hypertension is a risk factor for human aortic aneurysms and dissections, [6] showed that Ang-II results in dissecting suprarenal aortic aneurysms in mice independent of blood pressure. Rather, it appears to be the macrophages and other inflammatory cells that are recruited to the media and adventitia of the suprarenal aorta that play key roles in the initiation and development of these AAAs [37] while other large arteries are spared [3] . Indeed, this concept of a localized macrophage mediated pathogenesis is consistent with the stimulation of monocyte chemoattractant protein 1 by Ang-II [28] , which facilitates the recruitment of monocytes / macrophages to the aortic wall.
Although aortic lesions resulting from subcutaneous infusion of Ang-II in the mouse are typically suggested to model certain aspects of abdominal aortic aneurysms, AAAs seldom dissect in humans. In contrast, the present findings are consistent with the early report by [33] that Ang-II induced aneurysms in the mouse arise following an aortic dissection. For this reason, this animal model may be a better model of some aspects of TAAs, which often dissect and are similarly not well understood biomechanically [16, 29] . Nevertheless, a detailed study of histological and mechanical characteristics of this mouse model will increase our general understanding of the initiation and propagation of dissecting arteries and aneurysms. Towards this end, of course, there is a need for additional longitudinal data, particularly at early time points when the lesion initiates.
Consistent with prior reports (cf.
[10]), we found that the dissection at 28 days presented as three prototypically different formations along the axial direction (cf. Figs. 2 and 3) : a central region wherein medial elastic lamellae fragmented completely and the true lumen merged with a false lumen; regions distal and proximal to the central region wherein the media remained intact but there existed a large intramural cavity (false lumen) without thrombus; and regions more distal and proximal to the central region wherein the media remained intact but the intramural cavity was filled with either thrombus or remodeled thrombus consisting largely of GAGs and collagen. Little prior attention has been directed toward the potential remodeling of the intramural thrombus. Note, therefore, that clinical observations in patients having a dissecting TAA suggest that a patent false lumen may be a potential risk factor for continued aortic enlargement and a poor long-term outcome, but a partially thrombosed false lumen may be of even greater concern [4, 7] , perhaps due to increased plasmin activity (cf. [11] ) since plasmin can activate latent matrix metalloproteinases [25] . In contrast, a fully thrombosed false lumen may be protective, serving as a first step in "aortic wall healing and remodeling after repair" [35] . The present observations support the hypothesis that a thrombus isolated from flowing blood may allow invading cells to replace the degrading fibrin with fibrillar collagens (cf. [12, 22, 23] ), which could potentially strengthen the wall and protect it from possible further dissection or rupture, at least within that region. Indeed, this hypothesis is consistent with the tacit assumption underlying the treatment of intracranial saccular aneurysms with clot-promoting coils or flow-diverting stents. In this case, it is hoped that an intra-saccular thrombosis will form and become isolated from the bloodstream (e.g., via re-endothelialization at the orifice of the lesion), thus allowing subsequent conversion of the thrombus to collagenous tissue by invading myofibroblasts [24] . What appears to be vital, therefore, is that the intramural or intraluminal clot be isolated from flowing blood, which of course can otherwise serve as a replenishing source of platelets, leukocytes, fibrinogen (and thus fibrin), plasminogen (and thus plasmin), and so forth.
Whereas an endograft can isolate an intraluminal thrombus within an AAA from the flowing blood, such a thrombus remains in contact with the bloodstream under "normal" conditions. In contrast, much of the intramural thrombus within the false lumen of a dissected artery or aneurysm could naturally become isolated from the flowing blood even if the "ends" of the thrombus are never so isolated. In this case, as in the case of the coiled intracranial aneurysm (cf. [24] ), it is possible that cells having synthetic capability can invade and remodel the thrombus provided that there is sufficient oxygenation and modest levels of competing cells and biomolecules that arise from the blood -thrombus interface (cf. [13, 18] ). Our findings support this possibility. Recall, too, that we found αSMA-positive cells within both the media, where smooth muscle cells are to be expected, and co-localized with regions experiencing new collagen and GAG deposition (cf. Fig. 4) . It is well known that myofibroblasts exhibit heightened synthetic capability, that they are fundamental to connective tissue remodeling in many tissues and organs, and that αSMA is the most commonly used marker for this cell type [38] . Moreover, there now appears to be many possible sources of myofibroblasts, including adventitial fibroblasts and resident progenitor cells, bone marrow derived fibrocytes, smooth muscle cells, and even (via endothelialto-mesenchymal transistions) endothelial cells [17] . Although we neither attempted to confirm that the αSMA-positive cells were indeed myofibroblasts nor tried to identify cell source, our observations were consistent with a radially inward invasion of myofibroblasts from the adventitia into the thrombus (cf. Fig. 4 ), similar to that reported by [24] in a very different model of remodeling of thrombus via collagen deposition. This complex issue clearly merits further study, however, particularly given the increasing interest in adventitial cells in vascular remodeling [27] .
The present findings also do not provide any further information on possible reasons why a partially thrombosed dissection may be more susceptible to further dissection or rupture. There was no indication of local adverse remodeling or failure of the wall / remnant adventitia in regions containing fibrin-rich thrombus (e.g., Supplemental Fig. 2) . Indeed, it appears that if the aortic wall ruptures in this mouse model, it tends to do so early in the development of the dissection (generally 4-10 days following the initiation of Ang-II infusion; [1] ), perhaps during the period when all or most of the thrombus is newly formed. We focused herein on later development, 28 days following the initiation of Ang-II, to capture different stages of thrombus development within single lesions. There is a need nonetheless to explore earlier time points further, particularly given the observation by [33] that "Macrophage accumulation was particularly evident at the edges of the thrombi, both in regions of disrupted and intact media." There is similarly motivation to quantify possible temporal changes in blood-borne biomarkers or factors involved in the clotting process. Finally, we suggest one possible scenario (Fig. 9 ) that is consistent with our histological observations, that is, the existence of three distinct formations (cf. Figs. 2 and 3 ) in each of our five vessels and the different stages of thrombus remodeling therein. Fig. 9a shows the possible initiation of an intramural delamination (due, in part, to the medial accumulation of macrophages; [10] ), followed by a possible propagation of this delamination in Fig. 9b (due to wall stresses exceeding local inter-lamellar strength) that ultimately leads to dissection along the medial -adventitial border and a subsequent localized transmural tear that establishes communication with the lumen. Intramural pressures caused by the blood could then contribute to the propagation of a dissection and initiate associated growth and remodeling processes within the remaining intramural constituents [36] , leading to the observed dramatic increase in vessel circumference and formation of an intramural thrombus. Regardless of the specific mechanisms responsible for the pathogenesis, Fig. 9c illustrates a longitudinal section as a possible scenario for an advanced, 28-day dissecting aneurysm (cf. Fig. 3 in [5] ). Panels 9d -f show how the longitudinal section of Fig. 9c might appear in typical histological cross-sections, which match the three formations we observed in all five lesions (cf. Figs. 2 and 3) . Additionally, relative differences in the age of the thrombus (i.e., time since it was in contact with flowing blood) can be explained using this scenario. The youngest region of the thrombus would occur near the center of the aneurysm, where it is exposed to the blood stream via the ruptured intimal-medial layer. The oldest regions of thrombus would be farthest from the center of the lesion and not directly exposed to blood; this would allow more time, and perhaps a more permissive environment, for synthetic cells to invade the intramural thrombus and to start the remodeling process (cf. Figs. 4 and 6) . Fig. 9 . A postulated (a) intramural initiation of a localized delamination within the media of the suprarenal aorta in an ApoE−/− mouse infused with angiotension-II that (b) could propagate and lead to both a dissection along the medial-adventitial plane and an intimal-medial tear, with subsequent communication with the blood stream that could allow a false lumen to extend axially (c). Moreover, consistent with Figs. 2 and 3, panels d -f show types of cross-sections that could arise due to the false lumen filling with thrombus on the more distal and proximal aspects, with those regions farthest from the flowing blood experiencing a replacement of fibrin with newly deposited fibrillar collagen (and GAGs). It is possible, of course, that the initial dissection could propagate within the media (not found in this study), along the medial-adventitial border, or within the adventitia, particularly if it had previously remodeled into more loosely organized collagen fibers (as often observed herein).
In summary, we have presented new observations related to collagen remodeling within dissecting aneurysms that arise in the most commonly employed mouse model of aortic aneurysms. The rapidly expanding adventitia clearly undergoes remarkable remodeling, but so too the intramural thrombus in regions well separated from the flowing blood. Given that replacement of thrombus by collagenous tissue may represent a favorable wound healing response, additional effort should be directed toward understanding and promoting such remodeling in arterial dissections. Insight gained could also have a broader impact, as, for example, in providing new insight relative to the use of endografts (and so-called endoleak) to treat aortic aneurysms or flow-diverting stents to treat intracranial aneurysms.
